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Here we present a method to purify large amounts of highly pure and stably arrested ribosome-
nascent chain complexes (RNCs) from Escherichia coli cells. It relies on the combined use of transla-
tion-arrest sequences to generate nascent polypeptides of speciﬁed length and subsequent tag
puriﬁcation of the RNCs. Moreover, we adapted this method for the in vivo production of RNCs with
speciﬁc isotope labeling of the nascent chains for nuclear magnetic resonance (NMR) studies. This
method opens therefore possibilities for a wide range of biochemical and structural studies explor-
ing conformations of nascent chains during the early steps of protein folding and targeting.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The synthesis of proteins by ribosomes occurs in a vectorial fash-
ion, N-termini ﬁrst. The folding of nascent polypeptides therefore
presents different challenges from those being faced during the
refolding of full-length denatured proteins, a process that has been
studied extensively in vitro. Although nascent polypeptide chains of
cytosolic proteins have the intrinsic potential to autonomously fold
co-translationally, they interact in vivo with a large arsenal of cel-
lular factors that assist their folding or target them to translocation
pores. At the forefront are molecular chaperones that transiently
associate with ribosomes at the exit of the peptide tunnel.
Our understanding of these early steps in protein folding has sig-
niﬁcantly progressed due to the availability of high-resolution crys-
tal structures of ribosomes and chaperones, cryo-electron
microscopy reconstruction of ribosome-chaperone complexes and
kinetic analyses (for example [1–4]). However, full elucidation of
the co-translational protein folding process at the molecular level
requires experimental strategies that provide information on the
folding states of nascent chains. One suitable method to provide
high-resolution structural information on ﬂexible nascent chains
exposed at ribosomes is nuclear magnetic resonance (NMR)
spectroscopy [5]. The prerequisite for such measurements is thechemical Societies. Published by E
. Bukau).availability of large quantities of homogeneous and highly concen-
trated, stably arrested ribosome-nascent chain complexes (RNCs).
While arrested RNCs have been commonly used for many biochem-
ical [6–8] as well as structural studies [9,10], the available protocols
rely on the generation of RNCs in vitro using transcription/transla-
tion (IVT/T) systems, which have several limitations. They are
expensive, time consuming and optimized to produce only limited
quantities of RNCs. Moreover, in IVT/T systems usually only a small
fraction of the ribosomes is actively engaged in protein biosynthe-
sis, which requires additional puriﬁcation steps to obtain homoge-
neous samples. Finally, during translation in IVT/T systems the
formation of polysomes is strongly enhanced, which necessitates a
sucrose gradient centrifugation step for the separation ofmonoribo-
somes from polysomes [11].
Here, we present a straightforward approach for (i) the large-
scale production and puriﬁcation of homogenous and stably ar-
rested RNCs from Escherichia coli cells, and (ii) the selective
in vivo labeling of the arrested nascent polypeptides contained in
these RNCs for NMR analysis.
2. Materials and methods
2.1. Expression of RNCs (standard protocol)
RNCs were expressed in E. coli strain BL21(DE3) or
BL21(DE3)Dtig::Kan, which contained one of the arrested nascentlsevier B.V. All rights reserved.
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lacIq encoding plasmid pZA4. Strains were grown at 30 C to an
OD600 of 1 in Luria-Bertani (LB) medium supplemented with
100 lg/ml ampicillin and 50 lg/ml spectinomycin. The culture
was induced with 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG) and grown for additional 60 min. Afterwards cells were
cooled on ice, harvested by centrifugation and frozen in liquid
nitrogen.2.2. Expression of isotope-labeled RNCs (NMR protocol)
RNCs were expressed in E. coli strain BL21(DE3)Dtig::Kan or
BL21(SI)Dtig::Kan. Cells were grown in LB medium as described
above to an OD600 of 1. Afterwards cells were cooled on ice, har-
vested by centrifugation (2200g, 4 C, 20 min), washed with min-
imal medium (M9) and centrifuged again. Then, cells were
concentrated 2 or 4 times (method A or B, respectively) by resus-
pension in the appropriate volume of M9 medium supplemented
with amino acids and 100 lg/ml ampicillin (in case of preparation
of NMR sample: 13C-, 15N-labeled minimal medium). In method A,
the culture was grown as before and after 30 min overexpression
was induced with 1 mM IPTG for additional 60–90 min. In method
B, overexpression was induced immediately with 1 mM IPTG. Cul-
ture was grown as before and 10 min later rifampicin was added to
a ﬁnal concentration of 150 mg/l and cells were further grown for
additional 60 min.2.3. Puriﬁcation of ribosomes and RNCs
Ribosomes were puriﬁed from strain MC4100 Dtig::Kan as de-
scribed [6]. RNCs containing StrepTag were puriﬁed as describe
[12]. For details see Supplementary data.
To remove the tag, puriﬁed RNCs were incubated with either
TEV protease (1 h, room temperature) or Ulp1 protease (4 h,
4 C). Afterwards RNCs were separated from the cleaved Tag and
protease by sucrose cushion centrifugation.
For NMR measurements puriﬁed RNCs were pelleted by centri-
fugation (225 000g, 4 h, 4 C) in a Ti45 rotor (Beckman) and
resuspended overnight on ice in Buffer N (20 mM HEPES–KOH
pH 7.5, 140 mM NH4Cl, 12 mM MgCl2, 1 mM dithiothreitol, 10%
(v/v) D2O.2.4. Release of the SecM-arrested nascent chains
Puriﬁed RNCs were incubated with different combination of
50 lg/ml RNase A, 25 mM EDTA and 100 mM NaOH for 20 min at
25 C. Afterwards samples were pelleted by centrifugation
(75 000 rpm, 30 min, 4 C) in a S100AT3 rotor (Beckman). Superna-
tant and pellet fractions were analyzed by SDS–PAGE and western
blotting using monoclonal antibody speciﬁc for the SecM arrest
sequence.
2.5. Liquid chromatography–mass spectrometry (LC–MS) analysis of
the isotope labeling degree of the StrepTag and ribosomal proteins
The extent of labeling of the nascent chain (cleaved StrepTag) or
of ribosomal proteins was determined by LC–MS analysis from the
measured mass. For details see Supplementary data.
2.6. NMR spectroscopy of ribosome-arrested nascent chain
Both NMR samples (with released or arrested nascent chain of
BarnaseD50) of a ﬁnal concentration of 10 lM each in Buffer N
had a volume of 600 ll in a 5 mm sample tube. Samples with
released nascent chains were prepared as described above. 1H,
15N SOFAST HMQC spectra [13,14] were recorded at 300 K on
Bruker (Karlsruhe, Germany) AV600 and AV900 spectrometers
equipped with a cryogenically cooled triple resonance probe with
one axis self shielded gradients. The spectra for the bound and
the released polypeptide chains were recorded using 3072 scans
and 512*  64* complex points at 600 MHz and 2400 scans and
512*  40* complex points at 900 MHz, respectively, resulting in
a measurement time of 16 h for each spectrum. The spectra were
processed using topspin (Bruker, Karlsruhe, Germany) and ana-
lyzed using either topspin or SPARKY (Goddard TD, Kneller DG.,
University of California, San Francisco).3. Results
3.1. Experimental rationale for generation of RNCs
To establish the production of RNCs from E. coli cultures as an
alternative for IVT/T systems, we took advantage of the arrest
Fig. 2. In vivo generation of RNCs. SDS–PAGE of puriﬁed vacant ribosomes and RNCs exposing RpoB nascent chains of 36, 100, 148, 190, 233, 516 aa (plus additional 80 aa
each due to the StrepTag and the SecM-linker) isolated from E. coli Dtig::Kan cells and detected by (a) Coomassie staining or by (b) western blotting using monoclonal
antibody against the SecM arrest sequence; (c) puriﬁcation of RNCs displaying long nascent chains fromwt E. coli cells results in co-puriﬁcation of TF; all samples were treated
with NaOH to release nascent chains from the peptidyl tRNA; nascent chains visible by Coomassie staining are marked with asterisks (a and b from Supplementary data [12]).
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Short unique peptide sequences of this protein (150FxxxxWIxxxxGI-
RAGP166) interactswith the ribosomal tunnel thereby causing trans-
lational arrest at residue Gly165. The subsequent residue Pro166
plays an essential role in the arrest process as an amino-acyl tRNA
(Fig. 1a) [15–17]. In vivo under normal growth conditions, this elon-
gation arrest can be released by the SecA protein, presumably by
binding of SecA to the hydrophobic export signal sequence at the
N-terminus of the SecM nascent chain, which is exposed at the out-
side of the ribosomal exit tunnel. However, fusing the SecM arrest
motif to any unrelated protein sequence mediate the very stable
stalling of translating ribosomes, both in vivo and in the IVT/T
systems [11,12,18]. Thus, the 30-end of the open reading frames of
target genes were genetically fused to a linker encoding both, the
SecM arrest motif and additional amino acids to allow the complete
exposure of the target protein at the ribosomal exit site (Fig. 1a)
[6,12]. To enable puriﬁcation of the stalled RNCs using afﬁnity chro-
matography, triple StrepTag [11,12] or 10  HisTag encoding
sequences were introduced at the 50-ends of the gene constructs,
followed by the speciﬁc cleavage motif for TEV protease for subse-
quent removal of the tag extension (Fig. 1b). Alternatively, the TEV
cleavage site was replaced by the SUMO domain, which can be spe-
ciﬁcally removedbya fragmentof theUlp1protease [19]. In contrast
to the TEVprotease, the SUMO-Ulp1 system results in removal of the
entire SUMOdomainwith no additional amino acid left at theN-ter-
mini of the remaining nascent chains. Moreover Ulp1 is active in
buffers containing 200 mM imidazole,whichmakes itmore suitable
for puriﬁcation of RNCs containing N-terminal HisTags without
additional rounds of dialysis. The removal of afﬁnity tags after
puriﬁcation enables the reconstitution of the original N-terminal se-
quence of nascent chains, which is of decisive importance especially
for biochemical studies. The presence of additional, unrelated se-
quences might change the properties of the nascent chains and, in
consequence, the interactions with associated factors. The second
advantage of using cleavable tags, especially the SUMO domain,
became evident during the puriﬁcation of RNCswith nascent chains
derived from membrane or secretory proteins. Many of these
proteins are co-translationally targeted to the translocon, which
reduces quantity as well as purity of the isolated RNCs. Having afolded 12 kDa SUMO domain fused to the N-termini of such nascent
chains seems to partiallymask the signal sequence resulting in high-
er yields and purities of isolated RNCs (not shown). Finally, the pos-
sibility to remove the N-terminal part of a nascent chain after
afﬁnity puriﬁcation allows the isolation of RNCs with very short
nascent chains, which are almost completely buried inside the ribo-
somal exit tunnel. Performing experiments with SUMO fusions we
were able to create arrested ribosomes displaying nascent chains
of 31–37 aa in length (data not shown).
3.2. Puriﬁcation of stalled RNCs from E. coli
The StrepTag-nascent chain-SecM fusion constructs were ex-
pressed from the T7 promoter in E. coli BL21(DE3)Dtig::Kanmutant
cells lacking the ribosome-associated chaperone trigger factor (TF).
The use of Dtig cells was necessary to avoid the co-puriﬁcation of
TF with RNCs exposing long nascent chains. In the ﬁrst step, ribo-
somes were puriﬁed from cell lysates by sucrose cushion centrifu-
gation. Subsequently, RNCs were separated from vacant ribosomes
by StrepTag or HisTag afﬁnity puriﬁcation. Notably, the capacity of
the Ni-IDA material used for the puriﬁcation of His-tagged RNCs
was higher than that of StrepTactin. The removal of tags using
either the TEV protease or the SUMO-Ulp system was highly
efﬁcient and did not signiﬁcantly decrease the yield or stability
of puriﬁed RNCs. Although the amount of puriﬁed RNCs comprised
only around 10% of the total cellular ribosomes, the standard pro-
tocol enabled the puriﬁcation of around 2 nmol of homogenous
material per 1 l of cell culture [12]. The ﬁnal yield depended on
the type and length of the arrested polypeptide and was the high-
est for short nascent chains of cytosolic proteins.
Using this method we produced a set of different arrested RNCs
harboring nascent polypeptides of varying chain lengths and fold-
ing states (Fig. 2) [12]. Nascent chains with different lengths rang-
ing from 31 to 596 aa were derived from a variety of cytosolic
proteins (e.g.: isocitrate dehydrogenase, RNA polymerase subunit
b, S-adenosylmethionine synthetase) as well as secretory proteins
containing an N-terminal signal sequence (e.g.: periplasmic malt-
ose-binding protein or disulﬁde oxidoreductase DsbA) ([12] and
data not shown). However, the ﬁnal puriﬁcation yields for the
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2410 A. Rutkowska et al. / FEBS Letters 583 (2009) 2407–2413secretory proteins were observed to be around 50% lower than
those of cytosolic proteins, and the isolated complexes had some
minor contamination from membrane proteins.
3.3. Homogeneity and purity of RNCs generated in vivo
The isolated RNC were highly pure and devoid of vacant ribo-
somes, as judged from the stoichiometric amounts of nascent
chains relative to ribosomal proteins (Fig. 2a). Although ribosomes
were previously reported to show afﬁnity for metal-chelating
materials [11], we did not observe signiﬁcant background binding
of vacant ribosomes or other cellular proteins during afﬁnity puri-
ﬁcation using either StrepTactin or Ni-IDA (Fig. 3a and data not
shown). The vast majority of the puriﬁed RNCs represented mono-
somes that carry nascent polypeptides of the expected size
(Fig. 3b). This is a signiﬁcant advantage in comparison to arrested
RNCs generated in the IVT/T system [11], where an additional puri-
ﬁcation step is necessary to separate monoribosomes from the
polysomal fraction. Moreover, most puriﬁed samples contained
no additional ribosome or nascent chain associated factors like
chaperones or targeting proteins. Only in a few cases two chaper-
ones (GroEL and DnaJ) and the targeting factor (SRP) could be
detected in very small amounts (Fig. 3c and data not shown). While
the co-puriﬁcation of chaperones could constitute a problem for
subsequent structural and functional investigations, one should
consider that their presence during chain synthesis might be
required to avoid the collapse or aggregation of arrested polypep-
tides. On the other hand, the possibility to modulate the puriﬁca-tion conditions enables the isolation of preformed complexes of
the translating ribosomes and their associated factors, as shown
for TF (Fig. 2c). Such an approach could be used for structural stud-
ies of puriﬁed complexes that were formed under physiological
conditions. Finally, puriﬁed RNCs were stable for more than 2 days
at room temperature and over many freeze-thaw cycles (Fig. 3d).
Since the SecM-mediated arrest of RNCs is resistant to puromycin
treatment [10,15], the nascent chain could only be released after
disruption of the ribosomal structure by treatment with RNase A
and EDTA (Fig. 3e).
3.4. Large-scale puriﬁcation of RNCs for NMR spectroscopy
One decisive advantage of producing stalled RNCs in vivo is the
possibility to easily and inexpensively purify large amounts of uni-
formly 13C- and 15N-labeled material for NMR spectroscopy stud-
ies. To this end, we further optimized the puriﬁcation protocol
and adapt it to speciﬁc requirements for efﬁcient labeling of the
nascent chain.
First, the resulting yield (from 1 l of labeled medium) could be
increased more than twofold in comparison to that obtained with
the standard protocol by making use of a concentration technique
[20] (Fig. 4, method A). However, mass spectrometry and NMR
analysis of such puriﬁed RNCs showed that besides the nascent
chain, also the rRNA and the ribosomal proteins were labeled to
an extent of 20% due to de novo synthesis of ribosomes after induc-
tion of RNC synthesis (Fig. 5a). This labeling resulted in a high
background signal in NMR spectra, as a number of well resolved
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especially from ribosomal proteins L7/L12, were detected (data
not shown and [21]). In case of solution NMR studies, this back-
ground spectrum of labeled ribosomal proteins can be suppressed
by the addition of Elongation Factor G (EF-G). Binding of EF-G to
the L7/L12 ribosomal protein reduces its mobility, resulting in
the loss of the corresponding resonances in the solution NMR spec-
trum (data not shown and [22]). Nonetheless, such RNCs are not
suitable for measurements with the solid state NMR technique.
In this method, not only the labeled ribosomal proteins but also
the rRNA would result in many background resonances.
To solve this problem, we combined the concentration method
with the use of rifampicin [23]. This antibiotic speciﬁcally inhibits
the DNA dependent RNA polymerase in E. coli, which results in the
inhibition of transcription and thereby the synthesis of all endoge-
nous bacterial proteins. However, rifampicin does not inhibit the
bacteriophage T7 polymerase used for synthesis of stalled RNCs.
Therefore, rifampicin treatment shortly after induction of synthesisof the T7 polymerase resulted in selective expression of the ar-
rested nascent chains with no other proteins being synthesized.
Thus, in the puriﬁed RNCs only the nascent chains were labeled.
Additionally, we tested the use of the E. coli strain BL21(SI), in
which synthesis of the T7 polymerase is induced by addition of salt
and thus can be uncoupled from the induction of RNC expression.
In this case, induction of the T7 polymerase synthesis as well as the
addition of rifampicin was performed before changing to labeled
medium (data not shown). Despite inhibition of endogenous tran-
scription, the RNCs still comprised around 10% of the total ribo-
somes. However, the ﬁnal yield of RNCs produced from 1 l of
labeled medium decreased, since rifampicin addition resulted in
lower ﬁnal cell density. To counteract this problem, the cells were
concentrated 4 times before changing the medium (Fig. 4a, method
B). The ﬁnal yield of RNCs puriﬁed according to this method
amounted around 6 nmol per liter of cell culture (Fig. 4b).
Measurements of the resulting RNC samples using NMR and
mass spectrometry conﬁrmed that neither ribosomal proteins nor
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tocols (Fig. 5a). The labeling efﬁciency of all nascent chains was
estimated by mass spectrometry and ranged between 75% and
86% (Fig. 5b and data not shown).
3.5. Structural analysis of a ribosome-arrested nascent chain by NMR
spectroscopy
To conﬁrm the application of the above large scale puriﬁcation
protocols, ribosomes with arrested 15N-labeled nascent chain of
BarnaseD50 were puriﬁed according to method B. The nascent
chain was designed to contain a folded domain of Barnase [24]
with an additional C-terminal linker of 50 aa originating from the
RpoB protein, in order to assure high ﬂexibility of the polypeptide
close to the ribosomal surface (Fig. 6a). Part of the puriﬁed RNCs
was incubated with EDTA and RNase A, which resulted in the
destruction of ribosomes and release of the nascent chain. The
15N–1H SOFAST HMQC spectra of both samples yielded very similar
crosspeak patterns (Fig. 6b and c – black contours). An assignment
of the spectra was obtained by comparing the chemical shifts with
those from the BioMagResBank(BMRB)-database for Barnase
(Bacillus amyloliquefaciens). Seventy-two out of 100 15N–1H corre-
lations could be assigned, demonstrating that the labeled protein
at the ribosome is indeed Barnase. The standard deviation of the
measured 1H and 15N chemical shifts with those extracted from
the BMRB is ±0.04 and ±0.4, respectively. Moreover, the spectrum
recorded of free BarnaseD50 released from the ribosome (Fig. 6c,
black contours) contains additional crosspeaks originating from
the 50 aa linker. The overlay of the 15N–1H correlations of Barn-
aseD50 released from the ribosome (black) with previously re-
corded spectra from a sample with L7 and L12 backgroundsignals (red) additionally conﬁrmed that the assigned resonances
arise from Barnase (Fig. 6c).
4. Conclusions
We present a straightforward approach for the large-scale pro-
duction and puriﬁcation of homogenous and stably arrested RNCs
from E. coli cells. By novel combination of the SecM-mediated
translation arrest and cleavable tag for afﬁnity puriﬁcation, this
method enables puriﬁcation of different arrested RNCs harboring
nascent polypeptides of varying chain lengths (starting with as
short as 31 amino acids) and folding states. The high yield and pur-
ity of the RNCs as well as the straightforward puriﬁcation protocol
make this in vivo method an excellent alternative for IVT/T sys-
tems. Especially promising is the application of our method for
the puriﬁcation of RNCs with uniformly labeled nascent chains
for NMR spectroscopy studies in sufﬁcient amounts and at low iso-
tope costs. Thus, the presented method is an important technical
advance towards studies of the mechanism of co-translational
folding and processing of nascent polypeptides.
Acknowledgments
We thank members of the Bukau and Oschkinat laboratories,
especially Stefan Jehle for coordination of the project, Beate Zach-
mann-Brand for technical assistance and Kristina Döring for shar-
ing unpublished data. This work was supported by grants from
the DFG to B.B. and G.K. (SFB638, FOR 967), a fellowship from
the Human Frontier Science Program (to J.F.), a Humboldt fellow-
ship (to N.R.), and by a grant from the Fonds der Chemischen
Industrie (to B.B.).
A. Rutkowska et al. / FEBS Letters 583 (2009) 2407–2413 2413Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.06.041.
References
[1] Merz, F. et al. (2008) Molecular mechanism and structure of Trigger Factor
bound to the translating ribosome. EMBO J. 27, 1622–1632.
[2] Kaiser, C.M., Chang, H.C., Agashe, V.R., Lakshmipathy, S.K., Etchells, S.A., Hayer-
Hartl, M., Hartl, F.U. and Barral, J.M. (2006) Real-time observation of trigger
factor function on translating ribosomes. Nature 444, 455–460.
[3] Halic, M., Blau, M., Becker, T., Mielke, T., Pool, M.R., Wild, K., Sinning, I. and
Beckmann, R. (2006) Following the signal sequence from ribosomal tunnel exit
to signal recognition particle. Nature 444, 507–511.
[4] Ferbitz, L., Maier, T., Patzelt, H., Bukau, B., Deuerling, E. and Ban, N. (2004)
Trigger factor in complex with the ribosome forms a molecular cradle for
nascent proteins. Nature 431, 590–596.
[5] Hsu, S.T., Fucini, P., Cabrita, L.D., Launay, H., Dobson, C.M. and Christodoulou, J.
(2007) Structure and dynamics of a ribosome-bound nascent chain by NMR
spectroscopy. Proc. Natl. Acad. Sci. USA 104, 16516–16521.
[6] Hoffmann, A., Merz, F., Rutkowska, A., Zachmann-Brand, B., Deuerling, E. and
Bukau, B. (2006) Trigger factor forms a protective shield for nascent
polypeptides at the ribosome. J. Biol. Chem. 281, 6539–6545.
[7] Raine, A., Lovmar, M., Wikberg, J. and Ehrenberg, M. (2006) Trigger factor
binding to ribosomes with nascent peptide chains of varying lengths and
sequences. J. Biol. Chem. 281, 28033–28038.
[8] Ullers, R.S., Houben, E.N., Brunner, J., Oudega, B., Harms, N. and Luirink, J.
(2006) Sequence-speciﬁc interactions of nascent Escherichia coli polypeptides
with trigger factor and signal recognition particle. J. Biol. Chem. 281, 13999–
14005.
[9] Lu, J. and Deutsch, C. (2005) Folding zones inside the ribosomal exit tunnel.
Nat. Struct. Mol. Biol. 12, 1123–1129.
[10] Woolhead, C.A., McCormick, P.J. and Johnson, A.E. (2004) Nascent membrane
and secretory proteins differ in FRET-detected folding far inside the ribosome
and in their exposure to ribosomal proteins. Cell 116, 725–736.
[11] Schafﬁtzel, C. and Ban, N. (2007) Generation of ribosome nascent chain
complexes for structural and functional studies. J. Struct. Biol. 158, 463–471.[12] Rutkowska, A. et al. (2008) Dynamics of trigger factor interaction with
translating ribosomes. J. Biol. Chem. 283, 4124–4132.
[13] Schanda, P. and Brutscher, B. (2005) Very fast two-dimensional NMR
spectroscopy for real-time investigation of dynamic events in proteins on
the time scale of seconds. J. Am. Chem. Soc. 127, 8014–8015.
[14] Schanda, P., Kupce, E. and Brutscher, B. (2005) SOFAST-HMQC experiments for
recording two-dimensional heteronuclear correlation spectra of proteins
within a few seconds. J. Biomol. NMR 33, 199–211.
[15] Muto, H., Nakatogawa, H. and Ito, K. (2006) Genetically encoded but
nonpolypeptide prolyl-tRNA functions in the A site for SecM-mediated
ribosomal stall. Mol. Cell 22, 545–552.
[16] Garza-Sanchez, F., Janssen, B.D. and Hayes, C.S. (2006) Prolyl-tRNA(Pro) in the
A-site of SecM-arrested ribosomes inhibits the recruitment of transfer-
messenger RNA. J. Biol. Chem. 281, 34258–34268.
[17] Nakatogawa, H. and Ito, K. (2002) The ribosomal exit tunnel functions as a
discriminating gate. Cell 108, 629–636.
[18] Evans, M.S., Ugrinov, K.G., Frese, M.A. and Clark, P.L. (2005) Homogeneous
stalled ribosome nascent chain complexes produced in vivo or in vitro. Nat.
Methods 2, 757–762.
[19] Andreasson, C., Fiaux, J., Rampelt, H., Mayer, M.P. and Bukau, B. (2008) Hsp110
is a nucleotide-activated exchange factor for Hsp70. J. Biol. Chem. 283, 8877–
8884.
[20] Marley, J., Lu, M. and Bracken, C. (2001) A method for efﬁcient isotopic labeling
of recombinant proteins. J. Biomol. NMR 20, 71–75.
[21] Christodoulou, J. et al. (2004) Heteronuclear NMR investigations of dynamic
regions of intact Escherichia coli ribosomes. Proc. Natl. Acad. Sci. USA 101,
10949–10954.
[22] Hanson, C.L., Fucini, P., Ilag, L.L., Nierhaus, K.H. and Robinson, C.V. (2003)
Dissociation of intact Escherichia coli ribosomes in a mass spectrometer.
Evidence for conformational change in a ribosome elongation factor G
complex. J. Biol. Chem. 278, 1259–1267.
[23] Campbell, E.A., Korzheva, N., Mustaev, A., Murakami, K., Nair, S., Goldfarb, A.
and Darst, S.A. (2001) Structural mechanism for rifampicin inhibition of
bacterial RNA polymerase. Cell 104, 901–912.
[24] Mossakowska, D.E., Nyberg, K. and Fersht, A.R. (1989) Kinetic characterization
of the recombinant ribonuclease from Bacillus amyloliquefaciens (barnase) and
investigation of key residues in catalysis by site-directed mutagenesis.
Biochemistry 28, 3843–3850.
